Optical data storage technology has many advantages over the traditional solid-state and magnetic storage technology, such as low cost, multi-dimensional storage, and rewritable capability. Therefore, the optical data storage technology has been in increasing demand for optical storage media. Herein, the photochromic and photoluminescence properties of BaMgSiO 4 :Bi 3+ ceramics were investigated. The
INTRODUCTION
With the digitizing and exploding field of information data, the storage life, storage density, and access rate of information data are significantly improved. Optical data storage technology has many advantages such as high storage density, low cost, long storage life, and noncontact writing and reading capabilities. In contrast to the traditional solid-state and magnetic storage technology, these advantages have increased the application of optical data-storage technology for optical storage media [1] [2] [3] [4] [5] [6] . Despite the tremendous progress, the optical storage technology is challenged by storage capacity because of the limitation of optical diffraction [7, 8] . To improve the storage capacity, multiplexing the information storage is required [9] [10] [11] [12] . Photochromism is always accompanied by the reversible change of chemical substances between two states upon light stimulation, which can switch the absorption property of materials [13] [14] [15] [16] [17] [18] [19] [20] . The "0" or "1" digital code can be represented by each state, corresponding to "off" or "on" states. These "off" and "on" characteristics of photochromism promote the potential applications in many fields such as high-density optical memory and optical switches [21] [22] [23] [24] [25] [26] . Moreover, the photochromic property was dependent on the time of light stimulation, facilitating multiplexed encoding [27] [28] [29] . Thus, the information-storage capacity could be improved based on the photochromic reaction. At present, various organic photochromic optical storage materials such as diarylethene derivatives have been successfully developed [1, [30] [31] [32] [33] [34] [35] . However, due to their poor thermal reversibility and fatigue resistance, the use of most diarylethenes as the optical storage materials is challenging [36] [37] [38] [39] . Therefore, suitable photochromic materials must be investigated to facilitate their application for optical storage.
In contrast to organic photochromic materials, inorganic photochromic materials have many advantages such as excellent mechanical strength and chemical and thermal stabilities [40, 41] . Various inorganic photochromic materials such as metal oxides (MoO 3 , WO 3 , and V 2 O 5 ), ferroelectrics (Na 0.5 Bi 2.5 Nb 2 O 9 and Bi 4 Ti 3 O 12 ), and other robust oxides (Mg 2 SnO 4 and Sr 2 SnO 4 ) have been developed [15, [42] [43] [44] [45] [46] . Among inorganic photochromic materials, metal oxides suffer from a slow response time and a poor reversibility [25, 47] . Ferroelectrics and robust oxides are more suitable as optical storage materials because of their relatively fast response time and good reversibility. However, thermal bleaching may be required for most of the ferroelectrics and robust oxides such as Na 0.5 Bi 2.5 Nb 2 O 9 , Na 0.5 Bi 0.5 TiO [15, 48, 49] . Light-induced coloring and bleaching are particularly attractive in actual applications. Therefore, development of inorganic photochromic materials with the appropriate light-induced coloring and bleaching properties is necessary for the realization of their optical storage applications.
Inorganic materials doped with rare-earth ions exhibit unique luminescence property. This property can be reversibly modified based on their photochromic reaction [14] [15] [16] 44] . Different luminescence intensities provide an interesting opportunity to enhance the optical storage potential of the photochromic luminescent materials [50] . Recently, the bismuth ion was extensively used as an active luminescence center [51] [52] [53] [54] [55] . In contrast to the rare-earth ions, the bismuth ion has many advantages such as low cost. However, to the best of our knowledge, no reversible luminescence modification of the bismuthion-doped phosphors has been reported. BaMgSiO 4 has the tridymite crystal structure with a P63 space group. The three-dimensional crystal structure of BaMgSiO 4 is connected by the SiO 4 tetrahedrons by sharing their corners. Recently, the photoluminescence of rare-earthion-doped BaMgSiO 4 , exhibiting the white light emission or phosphorescence properties, was investigated [56, 57] . In this study, ceramics. The spectrophotometer (HITACHIU-F-7000) was used to measure the emission and excitation spectra of BaMgSiO 4 :Bi 3+ ceramics. The electron paramagnetic resonance (EPR) spectrometer (Bruker X-band A300-6/1) was used to measure the oxygen vacancies in the BaMg-SiO 4 :Bi 3+ ceramics.
RESULTS

Fig. 1a presents the XRD patterns of BaMgSiO 4 :
x mol% Bi 3+ (x=0.5, 0.75, 1, 1.5 and 2) ceramics prepared at 1350°C. The pure BaMgSiO 4 :x mol% Bi 3+ ceramics are classified by the concentration of Bi 3+ doping. The main XRD peak shifts gradually to a larger degree with the increasing Bi 3+ doping concentration, as shown in Fig. 1a . 4.52, and 2.67 μm, respectively. The size of BaMgSiO 4 : 1 mol% Bi 3+ particles increases with the increase of the sintering temperature. Fig. 3a -c present the diffuse reflectance spectra and corresponding photos of BMSO-1350, BMSO-1300, and BMSO-1250 before and after 254 nm UV light stimulation for 16 min. The color of BMSO-1350, BMSO-1300, and BMSO-1250 ceramics changed from gray to pink as the sintering temperature increased, and a new absorption band at 520 nm in the region of 450-600 nm was observed upon the 254 nm UV light irradiation for 16 min. With an increase in the sintering temperature, the absorption intensity of 520 nm increased and the pink color deepened, as shown in Fig. 3 . Fig. S2 presents the XRD patterns of the pink BMSO-1350, BMSO-1300, and BMSO-1250 ceramics after the photochromism, exhibiting no phase change. The results demonstrate that the photochromism of BMSO-1350, BMSO-1300, and BMSO-1250 ceramics is not due to the phase change. The defects such as V˝B a , V˝M g and V˝O can be generated in the BaMgSiO 4 :1 mol% Bi 3+ ceramics. Fig. 3d presents the EPR spectra of BMSO-1350, BMSO-1300, and BMSO-1250 ceramics, showing an EPR peak located at 1.995 of oxygen vacancies. Fig. 3e ceramics from gray to pink is observed. As exhibited in Fig. 3d , e, the TL and EPR intensities increase with the increase of the sintering temperature, indicating that more defects are formed at the high temperature. Thus, better photochromic properties are achieved in the BMSO-1350 ceramic prepared at 1350°C. However, the photochromic property decreases when the temperature increases to 1400°C as shown in Fig. S3 , which may be due to the impure phase. The influence of the irradiation time on the photochromic properties of BMSO-1350 was also investigated. As shown in Fig. 4a , the color deepens and the absorption intensity at 520 nm increases with an increase in the irradiation time. Fig. 4b illustrates the TL intensity change of BMSO-1350 as a function of the irradiation time. The increase in the TL intensity was observed with prolonged irradiation time (at 254 nm), suggesting that more electrons generated in the conduction band were captured by the defects. Thus, the photochromic enhancement of the BMSO-1350 was obtained at the optimal coloration time of~16 min. The bleaching of the BMSO-1350 after irradiation (254 nm) for 16 min was investigated upon the irradiation with a 532 nm laser (380 mW cm −2 ) for var- ious times, as shown in Fig. 4c . The decrease in the 520 nm absorption intensity and the color fading was observed with an increase in the 532 nm laser irradiation time. After the 532 nm laser irradiation for 20 min, the color and absorption intensity returned to the initial state. The 532 nm laser irradiation could result in a release of electrons in the defect levels, which recombined with the holes captured by the defects of V˝B a and V˝M g , as shown in Fig. 3f . Thus, the color of BMSO-1350 ceramic faded.
The electron release can be demonstrated by the TL spectra. The pink BMSO-1350 ceramic was irradiated by the 532 nm laser for various times, as shown in Fig. 4d . The TL intensity decreased with prolongation of the 532 nm laser irradiation time, suggesting that the number of electrons in the defect levels gradually decreased. The photochromic reversibility of BMSO-1350 was investigated by alternating the irradiation between the 254 nm light for 16 min and the 532 nm laser for 20 min, as shown in Fig. 5 . This figure shows a good and reversible photochromic property between gray and pink after seven cycles. This result indicates that the BaMg-SiO 4 :Bi 3+ ceramics may be viable as optical storage media.
The BMSO-1350 ceramic was covered by a mask with sunflower or heart patterns, then irradiated with the 254 nm light for 16 min. The pink information patterns with gray background formed on the surface of BMSO-1350 ceramic (Process ①), as shown in Fig. 5b . It is noted that when the color of BMSO-1350 ceramic was com- pletely changed to pink under the irradiation with 254 nm light for 16 min, the information recording can be performed by using the 532 nm laser to irradiate the surface of BaMgSiO 4 :Bi 3+ ceramic with sunflower or heart masks. The information pattern with a pink background formed on the surface of the BMSO-1350 ceramic (Process ②). When the pink region of the patterned ceramic was irradiated by using the 532 nm laser for 20 min, the whole ceramic can be completely recovered to raw gray color, directly erasing the information (Process ③). Similarly, when no photochromic region of BMSO-1350patterned ceramic was irradiated by 254 nm UV light for 16 min, the color of the whole ceramic changed to pink, erasing the information (Process ④). These results demonstrate that the dual-mode reversible optical information recording and erasing was performed, based on the reversible photochromic behavior of the BaMgSiO 4 : Bi 3+ ceramics.
The coloration and bleaching of BaMgSiO 4 :Bi 3+ ceramics are dependent on the light stimulation time. Fig. S4a shows the four photochromic pink letters of "KUST" on the surface of the BMSO-1350 ceramic irradiated with the 254 nm light for 4, 8, 12, and 16 min, demonstrating the photochromic multiplexing. A similar multiplexing phenomenon was observed after the 532 nm laser bleaching for 2, 8, 14, and 20 min, as shown in Fig. S4b . The multiplex photochromic and bleaching ability can be realized by changing the irradiation time using the 254 and 532 nm light, which could increase the optical storage capacity. Reversible luminescence information recording and reading-out of the BaMgSiO 4 :Bi 3+ ceramics are based on the photochromic-induced reaction of luminescence modification. The photochromic change from gray to pink of the BMSO-1350 was observed upon the 254 nm light irradiation, and the photochromic property was dependent on the irradiation time, as shown in Fig. 4a . The influence of the photochromic phenomenon on the photoluminescence of the BMSO-1350 ceramic was investigated. Fig. 6a shows the luminescence spectra and the corresponding luminescence color change of the BMSO-1350 ceramic upon the 254 nm light irradiation for 0, 4, 8, 12, and 16 min. Under the 365 nm excitation, the BMSO-1350 ceramics before and after the coloration exhibit a 510 nm luminescence peak of Bi 3+ . Apparently, the 510 nm luminescence of Bi 3+ was modified by the photochromic reaction. After the 254 nm UV light-induced photochromism, the 510 nm luminescence of Bi 3+ decreased with increasing time of the 254 nm light irradiation. This can be also identified by the luminescence image of BMSO-1350 ceramic, as exhibited in the inset of Fig. 6a . The modification degree of the 510 nm luminescence could be expressed by the ΔR n value: ΔR n = (R 0 − R n )/R 0 × 100%, where the R n and R 0 are the luminescence intensity of the photochromic BMSO-1350 ceramic and the luminescence intensity of the raw BMSO-1350 ceramic, respectively. The ΔR n dependence on the 254 nm light irradiation time is displayed in Fig. 6b . The maximum modification degree of the 510 nm luminescence is about 65%. The color center was generated in the BMSO-1350 ceramic, as exhibited in the EPR spectra. After the photochromism, a 520 nm absorption band in the region of 450-600 nm was observed, which overlapped with the luminescence of Bi 3+ . The energy transfer may take place from the Bi 3+ to the color centers, which can quench the luminescence of Bi 3+ . The energy transfer mechanism can be characterized by the decay lifetime of Bi 3+ . Fig. 6c exhibits the decay curves of the BMSO-1350 ceramic at 510 nm after the 254 nm light irradiation for different times. The decay lifetime of Bi 3+ has no significant change with an increasing irradiation time, indicating a radiative energy transfer from the Bi 3+ to the color center. The pink BMSO-1350 ceramic can be completely bleached when irradiated with the 532 nm laser for 20 min, as shown in Fig. 4c . The luminescence of the BMSO-1350 ceramic recovered to its initial state when bleached by 532 nm laser irradiation for 20 min. Fig. S5 exhibits the luminescence spectra of the BMSO-1350 ceramic upon alternation between the 254 nm irradiation for 16 min and 532 nm irradiation for 20 min as a function of cycle numbers. The 510 nm luminescence intensity of Bi 3+ shows no degradation after seven cycles, and a good reversibility and reproducibility was demonstrated over several cycles. As shown in Fig. 6d , switching the states between "on" and "off" for the Bi 3+ emission could be obtained. The reversible behavior of photochromism was applied to fabricate the patterns on the surface of the BaMgSiO 4 : Bi 3+ ceramics, as shown in Fig. 5b . The information decoding could be realized by the 365 nm light to excite the BMSO-1350 ceramic with and without the photochromic patterns. The luminescence patterns are due to the emission color contrast in BMSO-1350 ceramic based on the photochromic reaction-induced luminescence modification, as shown in Fig. 5b . When the pink-patterned ceramic was irradiated by using 532 nm laser for 20 min, the whole BMSO-1350 ceramic completely recovered to raw gray, and the luminescence erasing was realized upon the 365 nm excitation (Process ⑤), as shown in Fig. 5b . When the gray patterns on the ceramic surface were ir-radiated with the 254 nm UV light for 16 min, the entire BMSO-1350 ceramic changed to pink, causing the luminescence information to be erased upon the 365 nm excitation (Process ⑥), as shown in Fig. 5b . In order to demonstrate a proof-of-concept of bit-by-bit optical writing and reading-out, the pink photochromic arrays were formed on the surface of the BMSO-1350 ceramic irradiated with the 254 nm light for 16 min, as shown in Fig. 7a . When the color of BMSO-1350 ceramic completely changed to pink under irradiation with 254 nm light for 16 min, the gray photochromic arrays were formed on the surface of the BMSO-1350 ceramic irradiated by the 532 nm light for 20 min, as shown in Fig. 7a . Under the 365 nm UV light excitation, the pink photochromic points or the pink regions show weak green luminescence, while the gray points or regions emit more intense green light, as shown in Fig. 7a . The recorded information could be read-out "bit-by-bit" due to the change in the luminescence intensity. As shown in Fig. 7b , the weak and intense luminescence corresponds to the binary states of "0" and "1", respectively. These results indicate that the BaMgSiO 4 :Bi 3+ ceramics may be available as an optical storage media. Previous investigations demonstrated that the optical storage dimension and density can be expanded by multiplexing the luminescence intensity through the adjustment of the excitation light power [7, 8, 58] . Fig. S4 shows the luminescence color change for 4 letters of "KUST" for various coloration and bleaching times on the surface of the BMSO-1350 ceramic, demonstrating the luminescence multiplexing. This luminescence multiplexing of BMSO-1350 ceramic may further increase the optical data storage capacity as a multilevel optical medium.
CONCLUSION
In this study, a group of photochromic BaMgSiO 4 :Bi 3+ ceramics were synthesized and their photoluminescence properties were investigated. The reversible color change between gray and pink was observed in the BaMgSiO 4 : Bi 3+ ceramics by alternating the radiation between 254 nm UV light and 532 nm laser. Based on the reversible photochromic behavior, the pink sunflower and heart patterns can be printed on the ceramic surface by 254 nm UV light; the same inverse patterns with the pink background can also be obtained upon 532 nm laser bleaching. The photoluminescence reversible modulation of the BaMgSiO 4 :Bi 3+ ceramics was realized by the photochromic process, promoting the ability to read-out stored information of the BaMgSiO 4 :Bi 3+ ceramics. The coloration and bleaching of BaMgSiO 4 :Bi 3+ ceramics were dependent on the time of light stimulation, exhibiting the luminescence and photochromic multiplexing. This photoluminescence and photochromic multiplexing of the BaMgSiO 4 :Bi 3+ ceramics may enhance the optical data storage capability.
